Background: Disrupting the physical structure of pulses by blending them or by using a digestive supplement
Introduction
Pulses are defined as dry seeds of leguminous plants that are distinguished from leguminous oil seeds by their low-fat content (e.g., lentils, beans, and chickpeas) (1) . In short-term studies, pulse-containing meals may aid in reducing appetite (2) (3) (4) and result in lower postprandial glycemic responses (3, 5) than meals that do not contain pulses. Cross-sectional studies showed that pulse consumption is associated with lower BMI (2) and chronic disease risk (5, 6) . Consistent with the epidemiologic studies, intervention studies showed that pulses can facilitate weight loss (2) and improve biomarkers of chronic disease risk (7) . In the United States, pulse consumption is markedly below the recommended amount (2, 8) . There is therefore a need to promote pulses more widely and address barriers that prevent their consumption.
One potential barrier to pulse consumption is the lack of knowledge about different serving options for pulses. A variety of sensory properties in food are known to promote greater consumption (9) . Therefore, increasing awareness about different ways to prepare and serve pulses may help to increase pulse consumption in the United States. Blended pulses from whole forms, such as in hummus [a traditional food made from blended chickpeas consumed in the Middle East and which in recent years has gained popularity in the United States (10) ], are alternative ways to serve pulses. Refried beans and many bean dips also contain a form of blended pulses. Although blending pulses disrupts their physical structure, potentially allowing more rapid digestion and absorption, it is not known if blending pulses will result in attenuated appetite-or glycemia-reducing effects. In previous studies on blended pulses, although appetite was not measured, there were mixed effects on the glucose response (11, 12) . However, the consumption of other foods in their blended form, such as rice, wheat, carrots, and potatoes, compared with their whole form, resulted in greater postprandial appetite (13) (14) (15) and glycemia (16) (17) (18) .
A second barrier to pulse consumption, for some individuals, is their potential adverse gastrointestinal effects (19) . The degree of discomfort experienced among individuals varies but depends on factors such as the amount consumed (19) , pulse type (20) , and differences in gut biology (e.g., sensitivity to gastrointestinal distension) (21) . Pulses contain oligosaccharides, which humans lack the enzyme to digest. Oligosaccharides are normally fermented in the colon by bacteria and produce gases. Digestive aids containing the enzyme a-galactosidase are available that enable oligosaccharide digestion in the small intestine, thereby preventing gas production and associated gastrointestinal discomfort. Potentially, however, taking a-galactosidase may result in an increase in glucose production from oligosaccharide digestion in the small intestine. In only 1 study in type 2 diabetics has the effects of a-galactosidase on blood glucose changes been assessed (22) . In that study, although blood glucose concentration at 2 h after intake was higher compared with the control, appetite was not measured. Therefore, the effects of a-galactosidase on appetite and glucose responses to a pulse-containing meal in nondiabetic individuals are uncertain.
The purpose of this study was to assess the effects of consumption of whole or blended lentils with and without taking a-galactosidase on appetite and blood glucose responses. Fasting and postprandial energy expenditure (FEE and PPEE, respectively) 8 and substrate oxidation were secondary outcomes. We hypothesized that postprandial appetite would be higher (i.e., greater hunger, desire to eat, and prospective consumption and lower fullness) and glucose responses would be higher after consumption of blended lentils compared with whole lentils and after taking the a-galactosidase enzyme supplement vs. a placebo. We further hypothesized that the combination of blended lentils and the enzyme supplement would result in even higher appetite and glycemic responses than either one alone.
Methods

Screening and participants
Healthy, nonsmoking, weight-stable individuals aged 18-55 y with a BMI (kg/m 2 ) of 18.5-40 were recruited by local advertisement. Screening for inclusion and exclusion criteria took place initially by telephone, then by a detailed questionnaire and an in-person medical screening visit at the Purdue Clinical Research Center (PCRC). Individuals were excluded if they were taking medications or had chronic diseases or conditions known to affect energy regulation or appetite, were pregnant or lactating within the past year, had gained or lost >2.3 kg in the past 3 mo, performed exercise or physical activity at moderate or vigorous intensity >12 h/wk, were allergic or sensitive to or disliked the foods and ingredients used for the study meals and a-galactosidase or placebo capsules, were vegetarians or had problems digesting pulses, had a systolic blood pressure $140 mm Hg, a diastolic pressure $90 mm Hg, or a fasting blood glucose concentration $126 mg/dL. During the medical screening visit, height, body weight and composition, blood pressure, and fasting blood glucose measurements were made. Enrollment took place between January and October 2012. The study, which was in accord with the Helsinki Declaration of 1752 as revised in 1983, was approved by the Purdue University Institutional Review Board, and written informed consent was obtained from all individuals. After completing the study, individuals received monetary compensation.
Study design
A randomized, double-blind, placebo-controlled crossover trial design was used. Participants completed a baseline visit and 6 4-h test day visits to the laboratory. Each test day was separated by 3-5 d. During each test day, participants consumed, in random order, 1 of 6 breakfast meal/ enzyme supplement capsule combinations. The meals contained either blended lentils (B), whole lentils (W), or no lentils [control (C)], whereas the capsules contained either the a-galactosidase enzyme or a placebo. Immediately before meal consumption and serially at selected time points for 3 h after the start of the meal, measurements of appetite, blood glucose, and energy expenditure were made. The evening before each test day visit, participants were provided with a standard dinner. Both participants and researchers were blinded to the enzyme supplement treatment order, and the meal composition order was concealed from participants. The main study procedures took place at the PCRC in the Department of Nutrition Science at Purdue University. The consumption of the standard dinner took place in the community setting while participants carried out their usual lives.
Study and test day protocol
After screening was complete, participants reported to the PCRC ;2 or 3 d before the start of the first test day for measurement of body weight, body composition, and waist circumference. They were also given a standard dinner to consume at home the evening before each test day. On the morning of each test day, participants reported to the PCRC after a 12-h fast. Upon arrival they rested in a supine position and appetite was assessed. After ;15 min, FEE was measured for 30-40 min. A blood sample was then taken (time point: 0 min), and immediately afterward the test breakfast and the a-galactosidase or placebo capsules were provided. Participants were instructed to take the capsules with water just before the meal and to consume the entire meal with 8 fluid ounces (240 mL) of water (provided) within 15 min. Participants could consume water ad libitum for the remainder of the test period. Participants were asked to rate the palatability of each meal at the first bite. Finger-stick blood samples were taken at 20, 40, 60, 90, 120, and 180 min. Appetite was assessed 2 min before each blood draw, whereas PPEE was assessed for 13-15 min before each blood sample. After the last blood draw, participants were dismissed and returned 3-5 d later for the next visit until a total of 6 visits were completed.
Study meals
Test day breakfasts. The test breakfasts were served at 20% of each individualÕs estimated energy requirement (23) rounded to the nearest 50 kcal/d. The resulting sizes of the breakfasts served in the study ranged from 400 to 800 kcal/d. For the B and W meals, each 200-kcal serving contained 0.25 cups (42 g) of canned lentils ( Table 1 ), so that the total amount of lentils consumed per treatment was $0.5 cups (84 g) depending on the individual serving amount. The 3 meals were similar in macronutrient composition ( Table 1 ), except that the B and W meals were higher in fiber than the C meal. To achieve this composition, the meals were designed to contain the same ingredients, with the exception of lentils. Meals were planned with ProNutra software, version 3.3.0.10 (2000-2009; Viocare Technologies). Pilot testing was conducted to ensure that the meals were matched for taste, texture, appearance, and aroma before study implementation.
Standard dinner. The standard dinner was provided at 40% of each subjectÕs estimated energy requirement (23) and consisted of chicken and broccoli with pasta (110 g) and macaroni and cheese (211 g) (both were StoufferÕs; Nestlé USA), French-style green beans (61 g; Kroger), chocolate chip cookies (58 g; Nabisco Chips Ahoy Thin Crisps 100 Calorie Packs; Kraft Foods Global), and 2% milk (138 g; Kroger) for a 400-kcal serving. Participants were instructed to consume all of the dinner at home and to return the containers the next morning. The containers and any uneaten food were weighed upon return. All participants reported consuming all the foods given as evidenced by return of empty containers.
Enzyme supplement (a-galactosidase) and placebo capsules The a-galactosidase enzyme supplement was purchased in tablet form over the counter (Beano food enzyme dietary supplement; GlaxoSmithKline Consumer Healthcare). For the purpose of this study, the enzyme tablets (150 galactosidase units each) were ground into powder form, weighed to the nearest milligram, and put into capsules. Placebo capsules were made to look, smell, and feel identical to the active enzyme capsules by filling capsules with an equal amount of lactose. On test days, participants took 3 capsules of either the active enzyme or placebo immediately before consuming each study meal, consistent with the manufacturerÕs suggested dosage. The capsules were provided in marked containers to personnel at the PCRC who were otherwise unaffiliated with the study for dispersion into smaller containers labeled with a code; this code, which corresponded to the active and placebo capsules, was concealed from the investigators and only known to those personnel. The code was not revealed to the investigators until the last participant completed the study.
Measurements
Anthropometric and body composition measurements. Height was measured to the nearest 0.1 cm by using a wall-mounted stadiometer (Holtain). After a 12-h overnight fast, participants reported the following morning to the PCRC for anthropometric and body composition measurements. Participants were asked to arrive well hydrated, to refrain from exercise or vigorous physical activity, and not to shower or bathe on the morning of these measurements. Body weight and composition were assessed by using air displacement plethysmography (BOD POD Gold Standard Body Composition Tracking System 2009, software version 2007A; Cosmed USA) with measured thoracic gas volume as previously described (24) . Waist circumference was measured at the natural waist (narrowest point of the midsection) with the use of an anthropometric tape measure (Gulick II, model 67020; Country Technology) as previously described (25) .
Meal palatability, appetite, and gastrointestinal symptoms. A standard 1-9 rating scale anchored with the words ''not at all'' (at 1) and ''extremely'' (at 9) was used to assess palatability ratings of each breakfast meal and appetitive sensations. Participants circled the number that corresponded with their perception at the moment. For palatability, participants rated the taste of the food at the first bite. For appetite, the following sensations were assessed: hunger, desire to eat, prospective consumption, and fullness.
Blood glucose. Blood glucose was measured with a glucometer (FreeStyle Lite; Abbott) by using finger-stick blood samples collected at each time point. This method was previously shown to be valid and reliable compared with glucose measured from venous blood samples under fasting conditions and up to 6 h after intake (26) .
FEE and PPEE and substrate oxidation. Fasting and postprandial rates of oxygen consumption ( _ VO 2 ) and carbon dioxide production ( _ VCO 2 ) were measured by indirect calorimetry (ParvoMedics TruOne 2400 Metabolic Measurement System) by using a ventilated hood. After the study meal was consumed, PPEE and gas exchange data were collected for 13-15 min before each finger stick collection. FEE and PPEE in kcal/min were estimated by using the Weir equation (27) . The respiratory exchange ratio was calculated as _ VCO 2 : _ VO 2 . The average of the final 10 min of data for each interval of readings was used for the calculations.
Statistical analyses and calculations
Values are expressed as means 6 SDs for subject characteristics and means 6 SEMs for all other variables. Total AUC over the 3-h test period was calculated as recommended by Blundell et al. (28) by using the trapezoidal rule. For variables for which there was an overall statistically significant effect, the data were further analyzed by breaking them down to the first 90 min of data vs. the last 90 min. Data were analyzed by using Statistical Analysis Software (SAS, version 9.3; SAS Institute) and Statistical Package for Social Sciences (IBM SPSS Statistics, version 20; SPSS). The main effects of meal (B, W, or C), supplement (a-galactosidase or placebo), time, and their interaction effects were assessed by using a mixed-model (PROC MIXED in SAS) 3-factor repeated-measures ANOVA with the factors meal, enzyme supplement, and time as the main effects, with all of the 2-factor and 3-factor interaction effects included in the model, controlling for treatment order. To additionally examine the effects of meal, enzyme supplement, and meal 3 enzyme supplement on postprandial AUC and meal palatability ratings, a mixed-model 2-factor repeatedmeasures ANOVA was used, controlling for treatment order and fasting value (i.e., value at 0 min). For post hoc multiple comparisons, the TukeyKramer test was used for the main effects and the unadjusted paired comparison tests were used for interaction effects. Graphically, least squares mean (adjusted) responses are shown as bar graphs and reported as means 6 SEMs. Postprandial responses over time are shown as change from the fasting value and were calculated as the value at each time point minus the value at fasting. The sample size calculation was based on the primary outcome of fullness. Although postprandial appetite sensations in general predict later ad libitum energy intake in test meals (29) , some studies have shown postprandial fullness to be the strongest predictor (30, 31) . A preliminary analysis of the data from the first 7 participants indicated that 12 subjects would provide adequate power for our study. This was not an interim analysis and therefore no adjustments to P values were made. For all statistical tests, P < 0.05 was considered significant. Appetite. There was a main effect of time on all 4 appetite variables (P < 0.0001), with hunger ( Figure 1D ), desire to eat ( Figure 1E ), and prospective consumption (data not shown) decreasing immediately after the meal was consumed and slowly increasing over the remainder of the 3-h measurement period but not returning to premeal values. Fullness ( Figure 1F ) mirrored the other appetite variable responses, increasing immediately after the meal then steadily decreasing until the 3-h time point. Furthermore, there were main effects of meal on hunger (P = 0.003) ( Figure 1A , D), desire to eat (P = 0.007) ( Figure 1B , E), and prospective consumption (P = 0.031), with the differences averaging ;0.5 on the 1-9 scale. Tukey-Kramer post hoc analyses indicated higher ratings in these 3 appetite variables for the B meal compared with the W meal (P = 0.003-0.031) but not the C meal, and no differences in ratings between the W and C meals. There was no main effect of meal on fullness. There were also no main effects of the enzyme supplement observed on any of the appetite variables. However, there were interaction effects of meal 3 enzyme supplement on desire to eat (P = 0.008) and fullness (P = 0.039) and a marginal effect on prospective consumption (P = 0.059). Unadjusted paired comparisons showed that for desire to eat in the placebo condition, the B meal resulted in higher ratings than did the W (P = 0.0004) and C (P = 0.002) meals, but the W and C meals did not differ from each other, whereas in the a-galactosidase condition, the desire to eat was lower for the W meal than for the C meal (P = 0.020). Also, with the B meal only, a-galactosidase resulted in lower desire to eat than did the placebo (P = 0.009) ( Figure 1B, E) . For fullness, in the placebo condition, the unadjusted paired comparisons showed that the B meal resulted in lower ratings than both the W (P = 0.009) and C (P = 0.008) meals, but the W and C meals did not differ from each other ( Figure 1C, F) . Concerning the appetite AUC outcomes, hunger was the only sensation in which there were any effects (Supplemental Table  1 ). In particular, there was a main effect of meal (P = 0.019), with the B meal resulting in a higher AUC than the W meal (Tukey-Kramer, P = 0.015) but not the C meal. However, there was no difference in hunger AUC between the W and C meals. Further analyses of the AUCs over the first and second halves of the postprandial period showed that the meal effect on hunger occurred only during the first 90 min (ANOVA P = 0.030; B vs. W meals: Tukey-Kramer P = 0.023). Blood glucose. There was a main effect of meal (P = 0.0001) on postprandial glucose concentration, with glucose for the B meal being lower than that for the C meal (Tukey-Kramer P < 0.0001), but there were no differences between the W and either the B or C meals (Figure 2A, B) . There was no main effect of the enzyme supplement and no meal 3 enzyme supplement interaction effect on glucose response. However, there were effects of time (P < 0.0001) and meal 3 time (P = 0.018) on blood glucose. With regard to the latter, unadjusted paired comparisons of the different meals were carried out only at preselected time points (0, 20, 40, 120, and 180 min) to reduce type 2 error. We found differences only at 40 min, with both the B and W meals resulting in lower blood glucose concentrations than the C meal (P < 0.0001) but no difference between B and W meals.
Similar to the result in the time course analysis, there was a main effect of meal on glucose AUC (P = 0.010) (Supplemental Table 1 ), with that for the B meal being lower than for the C meal (Tukey-Kramer P = 0.008); however, there were no differences between the W meal and either the B or C meals. Further analyses of the AUCs over the first and second halves of the postprandial period showed that the meal effect occurred primarily during the first 90 min (P = 0.016), with the B meal resulting in lower glucose AUC than the C meal (Tukey-Kramer P = 0.012). No meal effect occurred in the second 90 min. There were no effects of enzyme supplement or meal 3 supplement on glucose AUC.
FEE and
PPEE and substrate oxidation. Results for energy expenditure and respiratory exchange ratio are shown in Supplemental Figure 1 and Supplemental Table 1.
Discussion
Our main findings were that, compared with whole lentils, blended lentils increased postprandial appetite by ;6% but did not increase postprandial glucose response. There were no effects of the a-galactosidase enzyme supplement on appetite or glycemic responses, but there was a meal 3 enzyme supplement effect on postprandial desire to eat and fullness, with greater desire to eat and lower fullness sensations with the B meals in the placebo but not the a-galactosidase condition. These findings suggest that blended lentils and a-galactosidase supplement have very little, if any, effects on glucose and appetite responses. Thus, the consumption of both blended and whole lentils may be encouraged as approaches to increasing pulse consumption, and further testing is warranted with other types of pulses.
Consistent with our hypothesis, blended lentils resulted in slight but significant increases in postmeal appetite (greater hunger, desire to eat, and prospective consumption) compared with whole pulses. Furthermore, there was an interaction effect of lentil form with enzyme supplement condition so that these effects on appetite occurred only in the placebo condition, with the blended lentils resulting in significant changes in 2 of the 4 appetite variables: a small increase in postprandial desire to eat and a small decrease in postprandial fullness than whole lentils. Studies on food form effects on appetite generally showed increases in appetite with the administration of blended/pureed or liquid/juice forms compared with solid forms (13) (14) (15) 32) and when meal replacement beverages were compared with meal replacement bars (33, 34) . Potential mechanisms explaining these food form effects include but are not limited to the following: the presence or absence of fiber (14, 33, 35) ; more rapid gastric emptying and/or motility, which may result in a lower satiety value of beverages, leading to weaker compensatory dietary responses (36, 37) ; less stimulation of cholecystokinin release, which elicits less satiation (reduced meal size) (38) ; less stimulation for the release of other appetite-related hormones such as glucagon-like peptide 1 and greater release of ghrelin; and more rapid glucose absorption, which may relate to an increase in appetite (39) (40) (41) . Thus, the finding that blended lentils resulted in greater appetite sensations than whole lentils was consistent with our expectations. However, the average difference in appetite rating between the blended and the whole lentils was ;0.47 or 6% on a 1-9 scale, and this may not be clinically relevant because it is far less than the 15% previously reported as necessary on a 100-mm visual analog scale to affect subsequent energy intake in controlled feeding trials (42) . In addition, in the free-living situation, hunger ratings may be a weak predictor of energy intake (43, 44) in light of other environmental influences. To our knowledge, no other studies exist in which the effect of taking a-galactosidase on appetite was investigated. Taken together, we conclude that ingesting blended lentils may slightly increase appetite over whole lentils but the effect, although significant, is very small and is not likely to be clinically meaningful.
Concerning glycemic response, contrary to our hypothesis we observed no significant difference in glucose response between blended and whole lentils. Very few investigators examined the effect of disrupting the physical form of pulses (lentils) on postprandial blood glucose response (11, 12) . Our glucose results are in agreement with findings from 1 of these studies (11) FIGURE 2 Glucose responses of participants consuming B, W, or C burritos with a-gal or placebo capsules. Values are least-square means 6 SEMs (A) with corresponding changes over time (B), n = 12. Letters above the bars represent pooled meal means, whereas those below the bars represent the individual meal/supplement means. Labeled means without a common letter differ, P , 0.05. All analyses were controlled for fasting value and visit order. B, blended lentil; C, control (no lentil); W, whole lentil; a-gal, a-galactosidase.
Lentil and a-galactosidase effects on appetite and glucose 1967 but not the other (12) . Perhaps serving lentils as the only food in the test meal in the latter study (12) as opposed to serving the lentils as part of a meal as was done in the former study (11) as well as in our own may account for the equivocal results. The presence of other nutrients such as fats and protein in a mixed meal may form a complex with the carbohydrates present in the meal and thereby lower glucose response (45) .
The fact that our B meal but not our W meal differed from the C meal in glucose response, such that the B meal resulted in a lower glucose response than the C meal, was not expected and is contrary to the general assumption that all pulses elicit lower glucose responses than most other carbohydratecontaining foods (46) (47) (48) . Our B and W meals contained the same ingredients in the same proportions with the only difference being the physical structure of the lentils. Our C meal was matched to the lentil meals in macronutrient amounts, with the major difference being the proportions that came from different sources. Both the eggs and celery in our pulse-containing meals contributed very little or nothing to the glycemic index of our meals: we served between 24 and 48 g celery (110 g serving size of raw celery contains 2 g of sugar) (49) , which will have a very negligible effect on glycemic index. Palatability may affect glycemic response, with meals having higher palatability resulting in a higher glycemic response (50) . However, there were no differences between our meals in taste rating. Thus, blended lentils may be incorporated into a meal without significantly increasing glycemic response and the effects in terms of postprandial glycemic response are not different than whole lentils.
We hypothesized that taking a-galactosidase would increase blood glucose response because a-galactosidase enables the digestion of the oligosaccharides in lentils in the small intestine, with end products being simple sugars that can enter the bloodstream. The total oligosaccharide content of cooked lentils was determined to be 71.1 mg/g of cooked lentils (51), from which stachyose, raffinose, and verbascose constitute 38.2, 19.7, and 13.2 mg/g of cooked lentils, respectively. Complete hydrolysis of each of the 3 types of oligosaccharides could potentially increase the 50-g glucose content of cooked lentils (12) by ;1.6 g. This amount constitutes only an ;3% increment in glucose content and may not be large enough to affect blood glucose response. Both fructose and galactose can be converted to glucose but this is not their main fate. Thus, their contribution to blood glucose concentration may be very minimal, if any. Hence, although not surprising to us, our finding of no effect of a-galactosidase on blood glucose is in contrast to previous work on the effects of a-galactosidase on blood glucose (22) . Discrepancies in study results might be explained by the use of older diabetic participants with a higher mean BMI in the previous study, whereas our participants were generally healthy, had a normal BMI, and were younger.
Some of the strengths of our study include the randomized, crossover, double-blind placebo-controlled design, which minimized bias, the utilization of study meals matched for nutrient content and palatability, and provision of meals catering to each participantÕs specific energy need. Furthermore, we had a no-lentil control group in addition to the blended vs. wholelentil group. Thus, our design allowed us to simultaneously study the effects of lentil consumption on our outcome variables as well as the effect of food form. Our study also had some limitations. These include not assessing ad libitum food intake after each treatment, potential physiologic mechanisms underlying effects on appetite, including appetite regulatory hormones or gastric emptying rate, or insulin response. In addition, we used lentils in our breakfast meals, but the effects of other pulse types on appetite and glucose responses may differ from those of lentils. There is still the need for both acute and long-term studies on the effects of blending different pulses and taking a-galactosidase on appetite and glucose because data in this area are scarce.
In conclusion, although our findings showed a slight increase in appetite with blended lentils compared with whole lentils, the increase appears to be clinically unimportant. Our data further showed a lack of adverse effects of blending lentils or using a-galactosidase on the postprandial glucose response. Considering that pulse consumption is far below the recommended amount in the U.S. population, there is a need to promote ways for consumers to incorporate pulses easily and frequently into their everyday meals that do not compromise the benefits observed with whole pulses on glucose and appetite responses.
